Abstract. We study the magnetic-field-induced spin-density-wave (FISDW) phases in TMTSF organic conductors in the framework of the quantized nesting model. In agreement with recent suggestions, we find that the SDW wave-vector Q deviates from its quantized value near the transition temperature T c for all phases with quantum numbers N > 0. Deviations from quantization are more pronounced at low pressure and higher N and may lead to a suppression of the first-order transitions N + 1 → N for N ≥ 5. Below a critical pressure, we find that the N = 0 phase invades the entire phase diagram in accordance with earlier experiments. We also show that at T = 0, the quantization of Q and hence the Hall conductance is always exact. Our results suggest a novel phase transition/crossover at intermediate temperatures between phases with quantized and non-quantized Q.
INTRODUCTION
Quasi-one-dimensional (Q1D) organic conductors of the (TMTSF) 2 X family (also known as the Bechgaard salts) are highly anisotropic crystals that consist of parallel conducting chains. The electron transfer integrals along the chains (in the a direction) and transverse to the chains (in the b and c directions) are typically t a = 250 meV, t b = 25 meV, and t c = 0.75 meV [1] . Because of the strong anisotropy, the Fermi surface of these materials is open and consists of two disconnected sheets located near ±k F , which are the Fermi momenta along the chains. In the presence of a moderate magnetic field H along the c axis, the interplay between the nesting property of the open Fermi surface and the quantization of electron orbits due to the magnetic field leads to a cascade of magnetic-field-induced spin-densitywave (FISDW) phases. These phases have long been theoretically explained in the framework of the quantized nesting model (QNM) [1] . A central prediction of the QNM is that within each FISDW phase characterized by an integer N, the wave vector Q = (Q x , Q y ) of the spin modulation is quantized: Q x = 2k F + NG, where G = ebH/ c is the magnetic wave vector and b the interchain distance. As the field increases, the integer N varies, which leads to the FISDW cascade (N = · · · , 4, 3, 2, 1, 0). In each phase, the quantization of Q x implies the quantization of the Hall effect: σ xy = −2Ne 2 /h per layer of TMTSF molecules [2] . The ability of the QNM to explain the quantum Hall effect (QHE) observed in the Bechgaard salts [3] is one of its main successes.
Recently Lebed' called into question some fundamental aspects of the QNM [4] . He showed that due to the particle-hole asymmetry in the FISDW phases with N 0, Q x deviates from its quantized values. Near the metal-FISDW transition, first-order transitions between different FISDW phases may disappear. At lower temperatures, first-order transitions (i.e. discontinuous jumps of Q x ) survive although Q x is not quantized. Lebed's results call into question our theoretical understanding of the QHE in the Bechgaard salts, since the latter relies on the quantization of the FISDW wave vector [2] .
In this paper, we investigate the FISDW phase diagram both at T = T c and T = 0 as a function of the strength of the electron-electron interaction. The latter is a decreasing function of pressure and can therefore be varied experimentally. We find that Q x deviates from its quantized value near T c for all phases N > 0. Deviations from quantization are stronger at low pressure and higher N. When pressure is decreased, suppression of first-order phase transitions occurs for N ≥ 5. At lower pressure, below a critical value P c , we find that the N = 0 phase invades the entire phase diagram in accordance with earlier experiments [6] . On the other hand, at T = 0 the quantization of Q x and hence the Hall conductance is exact for all pressures and all N, down to the critical pressure P c below which the N = 0 phase again invades the phase diagram. Our results suggest a novel phase transition/crossover at intermediate temperature between phases with quantized and non-quantized Q x .
METAL-FISDW TRANSITION
To obtain the phase diagram near T c , we compute the static spin susceptibility χ(q) within the randomphase approximation: χ(q) = χ 0 (q)/(1 − gχ 0 (q)) where χ 0 (q) is the bare spin susceptibility and g the amplitude of the electron-electron interaction. χ 0 (q) can be written as [1] 
where χ 1D is a 1D susceptibility. The I n coefficients are well known from the QNM. They depend on the nesting properties of the Fermi surface. The instability to the FISDW phase occurs when the Stoner criterion 1−gχ 0 (q) = 0 is satisfied. Since the 1D susceptibility has a logarithmic singularity at q x = 2k F , Eq. (1) suggests that the SDW instability will occur with a quantized wave vector Q x = 2k F + NG (N integer). The conclusion is however not correct as can be shown both analytically and numerically [4, 5] . The phase diagram obtained by numerical solution of the Stoner criterion is shown in Fig. 1 for two values of the dimensionless interaction constantgN(0), where N(0) is the density of states. Sincẽ g ∝ 1/t a , increasingg can be experimentally achieved by decreasing pressure. For smallg, the quantization of Q x is essentially exact. Strong deviations from quantization appear for a sufficiently strong interaction. These deviations are more pronounced for high values of N. Forg = 0.43, the first-order transitions N 6 → N 5, N 7 → N 6, · · · are suppressed. The parameter N = (Q x − 2k F )/G varies continuously in the corresponding field range. Since Q x is exactly quantized at T = 0 (see below), the low-temperature first-order transition line between the phases N = 6 and N = 5 terminates by a second-order critical point above which the first-order transition is suppressed (Fig. 1) . We find that first-order transitions N + 1 → N with N < 5 are never suppressed. Indeed, if one increasesg beyond the critical valueg c = 0.433, the phase N = 0 invades the entire phase diagram. This latter result agrees with the experimental results showing that the same SDW phase is stable for any value of the field below a critical pressure P c ∼ 6 kbar [6] .
ZERO-TEMPERATURE PHASE DIAGRAM
To obtain the phase diagram at T = 0, one should calculate the condensation energy of the system and search for its minimum as a function of Q (at fixed electron density). According to the QNM, each FISDW phase is characterized by a series of gaps ∆ n = gI 2 n ∆ where ∆ is the amplitude of the SDW. The gap with the largest amplitude, ∆ N , opens up at the Fermi energy. Here we allow for a non-quantized wave vector Q x = 2k F + NG + z/v F (N integer) and assume that |z| ∆ N . If Q x is not quantized (z 0), the particle number conservation implies a shift δµ = z + sgn(z)(z 2 + ∆ 2 N ) 1/2 of the chemical potential. As a result, the chemical potential does not lie in a gap (since |δµ| > ∆ N ), and the Hall conductance is not quantized. In order to determine the value of z, we use the method of Ref. [7] . We take into account the main gap ∆ N exactly, and consider the gaps ∆ n N which open away from the Fermi level within perturbation theory. We obtain the condensation energy [5] 
By minimizing the condensation energy ∆E N , we conclude that Q x is strictly quantized at T = 0 for all values of N [5] . The zero-temperature phase diagram, obtained by solving Eqs. (2-3) is shown in Fig. 2 as a function of field and electron-electron interaction strength. For T = 0, we find that the N = 0 phase again invades the phase diagram atg c = 0.433 ± 0.001. At low temperature, corrections to the T = 0 condensation energy will be exponentially small (∝ e −∆ N /T ). Thus, the quantization of Q x will persist in a finite temperature range. This implies that forg g c , at some intermediate temperature T * (g, H) between T = 0 and T = T c , there must be a phase transition or a crossover between phases with quantized and non-quantized Q x . This phase transition/crossover is schematically indicated by a dotted line in Fig. 1 . The details of this transition/crossover is beyond the scope of our present study.
COMPARISON WITH PREVIOUS THEORETICAL RESULTS
The overall phase diagram that we obtain is therefore qualitatively different from those obtained in the previous studies [1, 4] . Near the metal-FISDW transition, we find that Q x deviates from its quantized values for all phases N > 0, in accordance with Ref. [4] . However, in contrast to Ref. [4] , our study indicates that this deviation is large enough to suppress the first-order transitions only in a very limited region of the phase diagram corresponding to high values of N andg close tog c (Fig. 1) . Furthermore, at low temperature (T T c ), we find that the quantization of Q x is exact (implying the quantization of the T = 0 Hall conductance), which contradicts the prediction of Ref. [4] based on an extrapolation of results obtained near T c . This suggests a novel phase transition/crossover at intermediate temperatures between phases with quantized and non-quantized Q x . Also, below a critical pressure, we find that the N = 0 phase invades the entire phase diagram.
COMPARISON WITH EXPERIMENTS
The overall phase diagram that we obtain agrees with the experimental observations in the compound (TMTSF) 2 PF 6 [6] . Above a critical pressure P c (which corresponds tog <g c in our theoretical analysis), we describe the cascade of FISDW phases. When P < P c we find that the phase N = 0 invades the entire phase diagram. Thus our study shows that the SDW phase below P c is nothing else but the phase N = 0 of the FISDW cascade (Fig. 2) . This is also the conclusion obtained in Ref. [6] .
Recent magnetoresistance measurements by Kornilov et al. [8] found that hysteretic behavior occurs at low temperature at the transitions between successive FISDW phases. The hysteresis weakens at higher temperature and disappears above a characteristic temperature T 0 (T 0 < T c ) for all N > 0. This behavior was ascribed to the suppression of the first-order transitions in the temperature range T 0 T T c in agreement with Lebed's predictions [4] . However, this interpretation is inconsistent with our result that the first-order phase transitions can be suppressed only for N ≥ 5. We cannot exclude, even if it seems quite unlikely, that in a more realistic model (for instance taking account of the triclinic structure of the Bechgaard salts) the suppression of the first-order phase transitions would also occur for N < 5. In our opinion, the conclusion that the absence of hysteresis observed in experiments originates from the suppression of the first-order transitions should be taken cautiously. Such an absence of hysteresis could also be due to the weak first-order character of the transitions near T c as was originally thought [3] . Our results suggest to perform experimental studies close to P c , since the suppression of the first-order transitions should primarily be observed in the close vicinity of the critical pressure P c (i.e. P P c ) below which the FISDW cascade disappears.
